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The phenomenon of secondary electron emission is of considerable interest in areas such as particle accelerators and
on-board radio frequency (RF) components. Total secondary electron yield (TSEY) is a parameter that is frequently used
to describe the secondary electron emission capability of a material. It has been widely recognized that the TSEY vs.
primary electron energy curve has a single-hump shape. However, the TSEY–energy curve with a double-hump shape was
also observed experimentally—this anomaly still lacks explanation. In this work, we explain this anomaly with the help
of a millimetre-scale (mm-scale) silver pillar array fabricated by three-dimensional (3D) printing technology. The TSEY–
energy curve of this pillar array as well as its flat counterpart is obtained using sample current method. The measurement
results show that for the considered primary electron energy (40–1500 eV), the pillar array can obviously suppress TSEY,
and its TSEY–energy curve has an obvious double-hump shape. Through Monte Carlo simulations and electron beam spot
size measurements, we successfully attribute the double-hump effect to the dependence of electron beam spot size on the
primary electron energy. The observations of this work may be of help in determining the TSEY of roughened surface
with characteristic surface structures comparable to electron beam spot size. It also experimentally confirms the TSEY
suppression effect of pillar arrays.
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1. Introduction
Secondary electron emission is of particular inter-

est to various applications, including but not limited
to accelerator,[1,2] high power microwave components on
satellite,[3,4] and electric propulsion.[5] Total secondary elec-
tron yield (TSEY), which is frequently used to characterize
the secondary electron emission capability of a material, refers
to the average emitted electrons per incident primary elec-
tron. Generally speaking, TSEY is determined by the outer-
most surface of the target material. When primary electron
energy is no more than a number of keV, the thickness of sur-
face layer responsible for secondary electron emission is just
a number of nanometers. For applications such as electron
cloud suppression of particle accelerators, TSEY suppression
is favored. Various surface treatment methods have been stud-
ied for this purpose, such as carbon coating,[6] TiN coating,[7]

plasma bombardment,[8] vacuum pyrolyzing,[9] and surface
roughening.[10–18] For example, millimeter-scale structures
such as triangular and rectangular groove have been studied
both theoretically and experimentally. However, secondary

electron emission suppression capability of pillar array has
only been studied theoretically in Ref. [16] without any ex-
perimental verification.

It is well-known that TSEY depends on several param-
eters, such as incident energy and angle[14] of primary elec-
tron, temperature,[19] and contaminations.[8] It is also widely
known that typical yield–energy curve is of a single-hump
shape.[20] What is more, if expressed in reduced form, the
yield–energy curve for various materials can be described by
a universal curve.[20] However, based on both our own experi-
ences on TSEY measurement and data presented in published
work,[19,21] it was found that the yield–energy curve may be
of a double-hump shape. As shown in Fig. 1, both Mata et
al.[19] and Wang et al.[22] observed this anomaly when they
were characterizing roughened surfaces. However, as far as
we know, this phenomenon still lacks interpretation. Although
yield–energy curve with a double-hump shape has been re-
ported for double-layered materials in Ref. [21], the interpre-
tation there is unable to explain the observations from rough-
ened surfaces as presented in Fig. 1.
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Fig. 1. The TSEY–energy curve showing an abnormal double-hump
shape (reproduced from Refs. [19] and [22]). Wang et al. fabricated
roughened surface with silver plated aluminum plates using laser etch
technique, while Mata et al. reported secondary electron emission prop-
erties of polished and unpolished aluminum samples.

In this work, taking advantage of three-dimensional (3D)
printing technology (i.e., selective laser sintering technology),
a silver millimeter-scale pillar array is fabricated with the
expectation to answer the two questions mentioned above.
Through Monte Carlo simulations and TSEY measurements,
we verify that pillar array is efficient for electron emission sup-
pression, and an energy-dependent electron beam size results
in a double-hump shape yield–energy curve.

2. Experimental observations
A schematic view of the fabricated pillar array is shown

in Fig. 2(a). The diameter of the cylindrical pillar was 1 mm
and the distance between centers of two adjacent pillars was
1.5 mm. The size of the bottom plate was 20×10×0.8 mm3,
which is suitable for the adopted TSEY test system. The
details of the TSEY measurement system were described in
Ref. [14]. In total, an array of 4 by 10 pillars was fabricated.
The height of the pillar was 4 mm. Figure 2(b) shows the photo
of the 3D printed silver pillar array. A flat sample as the coun-
terpart using the same fabrication process was also printed.
After being ultrasonically cleaned in acetone, alcohol, and pu-
rified water for 5 minutes successively, the sample was placed
into an ultrahigh vacuum system for TSEY test using sample
current method. It should be noted that, as indicated by the
specifications of the electron gun, there are two adjustable pa-
rameters that determine the electron beam spot size, namely
the grid voltage and the focus voltage. However, in this work,
these two parameters remained constant for all of the primary
electron energies. During TSEY measurement, we positioned
the sample to three different locations, as shown in Fig. 2(a).
Points 2 and 3 were obtained by moving the sample with a step
of 0.5 mm. The details on the radiation position will be pre-
sented in Section 3.2. Since the periodicity of the pillar array
is 1.5 mm, its TSEY is expected to be repeatable for a 1.5 mm

distance. As a comparison, we also measured a flat sample

obtained from the same fabrication process.

(a)

(b)

unit: cm 

point 1 point 2 point 3

Fig. 2. (a) Schematic view of pillar array and (b) photo of the printed
pillar array.

The measured TSEYs of both flat surface and pillar array

surface are shown in Fig. 3. In this work, we only consider the

normal incidence. As described earlier, the pillar array was

measured at three successive locations with 0.5 mm interval

and thus three TSEY curves are shown in Fig. 3 which are de-

noted as points 1, 2, and 3. First, it can be seen that for the

entire primary electron range (40–1500 eV), the pillar array

shows obvious TSEY suppression effect compared with the

flat sample. Second, the TSEY of the measured pillar array

changes with electron beam radiation position when the pri-

mary electron energy is greater than ∼ 500 eV, while TSEY

is almost independent of radiation position when the primary

electron energy is no more than ∼ 500 eV. Finally, the yield–

energy curves show an anomalous double-hump shape. These

observations will be interpreted in the following section.
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Fig. 3. TSEY measurement result of mm-scale silver pillar array and its
flat counterpart.
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3. Explanations of the experimental observa-
tions

3.1. TSEY suppression effect of mm-scale pillar array

Considering the theoretical work presented in Ref. [16],
experimental observations shown in Fig. 2 confirm that the
TSEY suppression effect of pillar array is induced by the shad-
owing effect; i.e., when secondary electrons emit from the bot-
tom substrate, a part of them will impact the sidewall of the
pillars and thus reduce the effective TSEY (i.e., the observed
TSEY). For further interpretation, we use a similar Monte
Carlo simulation method presented in Ref. [12] to simulate the
TSEY of pillar array. It is worth pointing out that in this work,
both backscattered electrons and true secondary electron are
considered and all of the emitted electrons follow cosine dis-
tribution for their emission polar angle and uniform distribu-
tion for their azimuthal angle. In Ref. [16], pillar array was
taken as ideal periodical surface by using periodical boundary
condition. Furthermore, they did not consider the size of the
electron beam spot. Thus, their derivation/simulation is more
suitable for micro/nano-scale pillar array with infinite array
size, or is more suitable for electron beam with large enough
spot size. However, for mm-scale pillar array considered here,
it is not suitable to either adopt periodical boundary condition
or assume that the beam spot size is relatively large enough
compared with pillar’s diameter. Thus, we made our simula-
tion model as close to the real case as possible. Namely, we
consider finite array size and controlled electron beam spot
size.

First, to demonstrate the TSEY suppression effect, we set
up our simulation as follows: the electron beam spot size is set
as 15 mm and the pillar array has a size of 15×15. The diame-
ter, height, and interval of the pillar are the same as those used
in Fig. 2. The center of the electron beam is aligned with the
center of the pillar array, as shown in the inset of Fig. 4. Before
running the Monte Carlo simulation, we calibrate the TSEY of
flat surface using measurement results shown in Fig. 3. Here,
calibration means adjusting the parameters of the phenomeno-
logical electron–solid interaction model[1] to make the simu-
lated yield coincide with measurement. Simulation results are
shown in Fig. 4. For comparison, the TSEY of flat sample is
also shown. It can be seen that the TSEY of the flat surface
shown in Fig. 4 is very close to the corresponding measure-
ments shown in Fig. 3. Besides, simulated TSEY of pillar
array demonstrates an obvious suppression effect; i.e., sup-
pressed by ∼ 43%. This observation also agrees well with the
prediction in Ref. [16]. It should be noted that due to the fi-
nite scale, it is reasonable to infer that a fraction of the TSEY
is contributed by secondary electrons escaping from the edge
of the pillar array. Namely, if taking the whole pillar array as
a brick, then secondary electrons may escape from the side-
walls of this brick. This could be more obvious if the pack-

aging density, defined as normalized area occupied by the top
of the pillar, is lower and the aspect ratio, defined as the ratio
between height and diameter of the pillar, is higher, such as
in the cases considered in Ref. [16]. To avoid distracting the
focus of this work, it is expected to discuss this problem in
greater depth in the near future. It should be noted that with
the simulation setup mentioned above, the double-hump effect
cannot be reproduced.
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Fig. 4. Simulation results of flat surface and mm-scale pillar array.

3.2. Explanations on double-hump TSEY–energy curve

The second and third observations mentioned earlier can
be explained by considering the dependence of electron beam
spot size on the primary electron energy. Due to the working
principle of electron gun, its spot size may change with pri-
mary electron energy. Generally, the exact relation between
spot size and primary electron energy usually depends on the
detailed design of electron gun and its working condition. Al-
though it may be possible to ensure consistent spot size by ad-
justing the setup parameters of the electron gun, for the mea-
surement system used in this work, the spot size changes with
primary electron energy from sub-millimeter to a number of
millimeters. It is obvious that the following two cases will
have different TSEYs. Case 1: all the primary electrons im-
pact with the top of the pillar. Case 2: all the primary elec-
trons impact with the bottom substrate on which pillars stand.
These two extreme cases are possible if the electron beam spot
is small enough. For the first case, its TSEY will be close to
the TSEY of flat surface. For the latter case, its TSEY will be
much lower due to the shadowing effect. More generally, for a
predefined electron beam spot size and radiation position, it is
very possible that the primary electrons radiate both the pillar
top and the bottom substrate. Then, the TSEY in this situation
will be determined by the combined effect of cases 1 and 2.
Therefore, to explain the measurement results shown in Fig. 3,
it is mandatory to characterize the electron beam spot size.

There are many measurement methods for electron beam
spot size, such as Refs. [23] and [24]. Considering the avail-
able setup, we adopt the following method to estimate the size
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of the electron beam spot, as shown schematically in Fig. 5.
We form a rectangular trench along the y-axis with a high as-
pect ratio in a bulk metal part which is called as detector. The
electron beam is aligned with the z-axis. The width and height
of the trench are W and H, respectively. The diameter of the
electron beam spot is D. When moving the detector along
the x-axis from left to right, the electron beam will first ra-
diate the outside of the trench, then gradually radiate into the
trench, and finally radiate the outside of the trench again. It
is expected that the observed TSEY will vary with the detec-
tor location. With the knowledge of the geometrical size of
the trench, electron beam spot size can be extracted from the
observed TSEY–location curve.

x

D

W

H

electron 

beam

metal
trench

moving 

direction

z

Fig. 5. Schematic view of the estimation method for electron beam spot
size.
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Fig. 6. Schematic of estimation method for electron beam spot size
from TSEY.

To demonstrate how to extract electron beam spot size,
we conduct some Monte Carlo simulations using a similar
method in Ref. [12]. A typical dependence of TSEY on the
radiation location is shown in Fig. 6. The width of the trench
is set as 2 mm while its depth is 4.5 mm, and the electron
beam spot size is set as 1 mm. The movement step of the de-
tector is set as 0.25 mm. It can be seen that a symmetrical
TSEY–location curve is obtained. Three radiation positions,
denoted as points A, B, and C, and the corresponding TSEY
are marked in Fig. 6. Points A and C indicate the beginning
of TSEY suppression while point B indicates the symmetrical
point of the TSEY–location curve. It is straightforward that

if one could obtain the distance L between points A and C,
considering L = W +D, then the spot size is D = L−W . Or,
to reduce the measurement effort, one can also try to find out
points A and B. Then, the distance between these two points
is L′ = (W +D)/2. It should be noted that point B is the sym-
metry center of the TSEY–location curve. At this point, the
TSEY may either reach a local maximum or minimum.

To further demonstrate how the detector dimensions and
electron beam spot size influence the observed TSEY, we con-
duct Monte Carlo simulations using parameters for copper pre-
sented in Ref. [1] and primary electron energy of 300 eV for
the detector mentioned above and for spot size ranging from
0.05 mm to 8 mm. The movement step is set as 0.25 mm.
The obtained results are shown in Fig. 7. From Fig. 7, one
can accurately extract all the spot sizes except for the smallest
spot of size 0.05 mm. However, if the movement step can be
small enough, the 0.05 mm spot could also be characterized.
It should be noted that since the adopted method highly de-
pends on the movement step, the estimated spot size from this
method may somehow present a notable error, especially for a
large movement step.
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Fig. 7. Simulated TSEY dependence on radiation position and electron
beam spot size.

The experimental results of electron beam spot size are
shown in Fig. 8. The detector is also fabricated by 3D printing
using silver alloy. As in the simulation model described above,
the depth of the trench is 4.5 mm and the width is 2.0 mm. To
reduce the test effort, we select part of the primary electron
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energy ranging from 100 eV to 1500 eV to estimate the spot
size for various primary electron energies. Totally speaking,
the measurement process is the same as the usual TSEY test.
For each measurement, we first make sure that the initial ra-
diation position is the outside of the trench with the help of
the embedded scanning electron microscope (SEM) function
of the TSEY system. Then, we move the detector to make the
electron beam gradually radiate into the trench. After some
steps, we find that the TSEY begins to decrease, which indi-
cates that part of the electron beam goes into the trench just
like the case from point A to point B as shown in Fig. 6, and
increases again after further movement, which indicates that
part of the electron beam goes outside of the trench just like
the case from point B to point C. It should be noted that only
in the trench do we adopt a finer step to distinct the symmetri-
cal point, which is denoted as the blue-dashed line on the right
side in Fig. 8. It can be seen from Fig. 8 that when the primary
electron is of higher energy, the symmetrical point is more rec-
ognizable. Thus, it is expected that the spot size is smaller for
higher primary electron energy. For primary electron with an

energy of 100 eV, the TSEY is almost independent of the radi-
ation position, which indicates a large spot size for this case.
Blue dashed lines are shown in Fig. 8 to help with the determi-
nation of spot size. The red-dashed lines represent the TSEY
outside the trench. In Fig. 9, we show both the measured spot
size represented by black square point, extracted from Fig. 8,
and the estimated spot size represented by red circular point.
These estimated spot sizes are obtained from linear interpo-
lation based on the measured results. For low primary elec-
tron energy cases, we just take their spot size the same with
100 e; namely, the spot size is 7 mm for energies no more than
100 eV. In fact, the accurate spot size for energy below 100 eV
is not so important since they do not affect the observed TSEY
much as observed in our simulation. With the obtained spot
size shown in Fig. 9, we conduct Monte Carlo simulation to
reproduce the results shown in Fig. 3, and the simulation re-
sults are shown in Fig. 10. Compared with the measurement
results, we find that our simulations agree well with the mea-
surements. Thus, it is verified that the observations mentioned
above are due to the energy-dependent spot size.
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Fig. 8. The dependence of measured TSEY on radiation position for various primary electron energies.

To provide a more intuitional physical interpretation of
the experimental results, in addition to the Monte Carlo sim-
ulation presented above, we also adopt a simple model, as
shown in Fig. 11, to reproduce the double-hump phenomenon.
With the help of Monte Carlo simulations and the measure-
ments mentioned above, we obtain electron beam spot size and
also the exact radiation position. The dot circles represent the
electron beam spot, as shown in Fig. 11. For demonstration,
we give two cases in Fig. 11; namely, 300 eV and 1000 eV.

We also show the three different radiation locations labeled as
points 1, 2, and 3, corresponding to Fig. 3. It can be inferred
from Fig. 11 that for 1000 eV, point 2 will give a lower TSEY
since most of the primary electrons are radiated into the inter-
mediate trench between two adjacent pillars; while for 300 eV,
not much difference will be expected since the overlapped area
does not change a lot among the three points. These expec-
tations agree well with the experimental results as shown in
Fig. 3.
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Fig. 10. The dependence of simulated TSEY on primary electron energy us-
ing spot size in Fig. 9. Namely, the spot size changes with primary electron
energy. Other parameters are set as close to experiments as possible. The
estimated radiation locations used here are described as follows.
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Fig. 11. The model that indicates the electron spot size effect.

We use the following procedure to evaluate the TSEY of
the pillar array surface shown in Fig. 2. First, for the prede-
fined electron beam radiation position and spot size, we calcu-
late the overlapped area between the electron beam spot and
pillars. In fact, this is realized by a classic Monte Carlo strat-
egy: (1) a number of points are first uniformly distributed in
the beam spot circle; (2) the overlapped area can be evaluated
by counting up the number of points falling into the overlapped
areas. Then, the TSEY is calculated using a weighted average
as we used in Ref. [11], δpillar = Pδpillar,bottom + (1−P)δflat.
Here, δpillar is the TSEY of pillar array, δpillar,bottom is the av-
eraged TSEY of bottom part, and δflat is the TSEY of flat sur-
face. P is the porosity defined as the area ratio between the
overlapped area and the whole electron beam area. It should
be noted that TSEY for the bottom part in fact depends on the
exact locations of the emission point. It is not surprising that
the emission points close to a pillar will contribute less to the
surface’s TSEY due to the shadowing effect. To simplify the
problem, we assume that the bottom part has a uniform TSEY
δpillar,bottom which means that all the emission points have the
same contribution to the TSEY of surface. As an approxima-
tion, we calculate this TSEY as follows. First, we calculate
the porosity of pillar array which is 0.65; then, we take the
simulated pillar TSEY δ ′pillar shown in Fig. 4 (the lower curve)
as a weighted average between the flat and bottom part, and

thus we have δpillar,bottom =
(
δ ′pillar−0.35δflat

)
/0.65. It should

be noted that in order to simplify the problem, we have ne-
glected the possible influence of non-uniform distribution of
the electron beam intensity in this work.

The calculation results are shown in Fig. 12. It can be
seen that with the obtained energy-dependent electron beam
spot size and initial radiation position, the experimental obser-
vations mentioned above are reproduced quite well. For the
low energy part (such as 300 eV), the electron beam size is
relatively large, thus the electron beam overlaps with several
pillars. Therefore, in this energy regime, the surface has TSEY
suppression effect and does not change much with the radia-
tion position. For different radiation positions, the structures
seen by the electron beam are almost the same. For higher en-
ergy regime, such as 1000 eV, the electron beam size is compa-
rable to the pillar diameter. Thus, the TSEY is sensitive to the
radiation position. When pillar’s top contributes most of the
TSEY, the observed TSEY is close to the flat case; otherwise,
the observed TSEY is suppressed effectively compared with
the flat surface. So, in the high energy range, TSEY is sensi-
tive to the radiation position. In the double-hump effect, for a
fixed radiation position, when the primary electron energy in-
creases, due to the decreased spot size which will result larger
weight of flat surface, TSEY may increase with the primary
electron energy after it surpasses the first hump and result into
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a second hump. This explanation may also be used to inter-
pret results shown in Fig. 1 while it is another mechanism for
layer structures as presented in Ref. [20]. Furthermore, the
results of this work demonstrate that roughened surface may
have non-uniform TSEY and this could have some effect on
real applications such as suppression of e-cloud effect.
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Fig. 12. The TSEY calculation result with energy-dependent electron
beam spot size. Points 1, 2, and 3 are defined as shown in Fig. 11.
Points 1-0, 1, 2-0, 2, 3-0, and 3 are uniformly distributed in the same
row with an interval of 0.25 mm.

4. Summary
In summary, we have analyzed the abnormal double-

hump TSEY–energy curve both theoretically and experimen-
tally. The 3D printed mm-scale pillar array, which shows both
TSEY suppression effect and double-hump effect, is used for
experimental verification. Monte Carlo simulations and sim-
plified model are used to interpret observations. It is found that
the double-hump effect is induced by the dependence of elec-
tron beam size on the primary electron energy; namely, the
spot size decreases with the primary electron energy. Thus,
one should care about the electron beam spot size when char-
acterizing the TSEY of a material, especially for the case
where the electron beam spot size is comparable to the char-
acteristic structure of the surface.
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